1 Focal brain lesions disrupt resting-state functional connectivity (FC), but the underlying 2 structural mechanisms are unclear. Here, we tested the hypothesis that lesion-induced 3 structural disconnections disrupt FC via both direct and indirect mechanisms. We 4 defined direct disconnections as the loss of direct structural connections between two 5 regions, and indirect disconnections as increases in the shortest structural path length 6 between two regions that lack direct structural connections. Using data from a large 7 sample of sub-acute stroke patients, we found that lesions either directly or indirectly 8 affected nearly 20% of all cortico-cortical connections on average. Importantly, both 9 directly and indirectly disconnected regions showed more severe FC disruptions than 10 regions with spared direct and indirect connections, respectively. Together, these 11 results emphasize the widespread impact of focal brain lesions on the structural 12 connectome and support the conclusion that structural disconnections contribute to 13 functional connectivity disruptions via both direct and indirect mechanisms. 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Introduction
1 Focal brain lesions that result from stroke and other neurological disorders 2 produce widespread disruptions of brain function that often involve regions remote from 3 the site of injury (Carrera & Tononi, 2014) . The distributed functional consequences of configuration of the structural connectome that increase the SSPLs between indirectly 23 structurally connected regions (we subsequently refer to this as an "indirect structural 24 disconnection"; Fig. 1b) , we further hypothesized that these indirect structural 25 disconnections produce major perturbations of ongoing inter-regional signaling that 26 contribute to functional connectivity disruptions between regions with indirect structural 27 connections. Notably, both direct and indirect structural disconnections can be 28 described as increases in inter-regional SSPLs (Fig. 1) , providing a simple unified 29 framework for conceptualizing the direct and indirect effects of brain lesions on the 30 structural connectome. 31 Importantly, our hypotheses make testable predictions about the subsets of inter-1 regional functional connections that should be disrupted given a lesion's expected 2 impact on the structural connectome. Here, we tested core predictions of these 3 hypotheses using data from a large sample of sub-acute stroke patients with focal brain 4 lesions. First, we characterized the extent of direct and indirect structural connections 5 between brain regions affected by the lesions from our sample. Second, we tested 6 whether regions that sustain direct structural disconnections (Fig.1a ) exhibit more 7 severe functional connectivity disruptions than regions with spared direct connections. 8 Finally, we tested whether regions that sustain indirect structural disconnections, 9 defined as lesion-induced increases in SSPLs between regions that lack direct 10 structural connections ( Fig.1b) , exhibit more severe functional connectivity disruptions 11 than regions with spared indirect connections. shows a simple network where regions A and D are directly structurally connected to 15 each other (yellow line), and therefore have an SSPL equal to 1. The brain on the right 16 shows the SSPL (yellow line) between regions A and D after the direct structural 17 connection has been disrupted by a lesion (red X): the SSPL between regions A and D 18 is now 2 because the shortest path passes through region C. This is an example of how 19 direct structural disconnections increase SSPLs between disconnected regions. (b) The 20 brain on the left shows an alternative network configuration where regions A and D are 21 indirectly structurally connected to each other via mutual connections to region C 22 (yellow line), and therefore have an SSPL equal to 2. The brain on the right shows the 23 SSPL (yellow line) between regions A and D after the structural connection between 24 regions A and C has been disrupted by a lesion (red X): the SSPL between regions A 25 and D is now 3 because the shortest path passes through both regions B and C. This is 26 6 an example of how a direct structural disconnection can increase SSPLs between 1 indirectly structurally connected regions to cause an indirect structural disconnection.
3
Results 4 Measuring the direct and indirect disconnections caused by stroke 5 We used structural and functional MRI data from a sample of 132 sub-acute 6 (mean time post-stroke=13.57 days, SD=4.95 days) stroke patients and 36 7 demographically matched healthy controls that were collected as part of a larger study 8 on stroke recovery (Corbetta et al., 2015) to study the effects of direct and indirect 9 structural disconnections on resting-state functional connectivity after stroke. Data from 10 114 patients and 24 controls met our quality control criteria and were included in the 11 study (see Methods). Participant demographics are provided in Table 1 , and the group-12 level lesion topography (n=114) is summarized in Figure 2a . 13 As in our prior work, we used an atlas-based approach to estimate the direct 14 structural disconnections caused by each patient's lesion (Griffis et al., 2019) . We first 15 constructed a template structural connectome by dividing the brain into 359 regional 16 parcels (Gordon et al., 2016; Tzourio-Mazoyer et al., 2002) (Fig. 2b, left) and extracting 17 all pairwise structural connections from a diffusion MRI streamline tractography atlas 18 that was constructed using data from 842 healthy Human Connectome Project (HCP) 19 participants (Yeh et al., 2018) (Fig. 2b, right) . We then binarized the resulting structural 20 connectivity matrix so that it encoded the presence vs. absence of structural 21 connections between each region pair ( Fig. 2c, left) . A breadth-first search algorithm 22 (Rubinov & Sporns, 2010) was then applied to the binarized structural connectivity 23 matrix to derive a matrix of normative pairwise SSPLs (Fig. 2c, right) . The resulting 24 structural connectivity and SSPL matrices therefore represented the normative layout of 25 inter-regional connections in the structural connectome. 26 We estimated the direct structural disconnections caused by each patient's lesion 27 ( Fig. 2d, left) by extracting all pairwise atlas direct connections that intersected the 28 lesion volume ( Fig. 2d, right) , resulting in a matrix of pairwise direct structural 29 disconnections ( Fig. 2e , black cells in left/right matrices). Any pairwise direct structural 30 connections that did not intersect the lesion volume were considered to be spared by 31 the lesion ( Fig. 2e , red cells in left matrix) as illustrated in Figure 1a . To estimate the 32 7 indirect structural disconnections caused by each patient's lesion, the breadth-first 1 search algorithm was applied to the spared direct connection matrix to derive a matrix of 2 pairwise SSPLs ( Fig. 2e , right matrix). We then subtracted the resulting patient-specific 3 SSPL matrices from the atlas-derived SSPL matrix to identify indirectly structurally 4 connected region pairs that sustained indirect structural disconnections, as indicated by 5 increases in pairwise SSPLs relative to the atlas SSPL matrix for regions with indirect 6 connections ( Fig. 2e , grey cells in right matrix). Any SSPLs between indirectly 7 connected regions that remained unchanged relative to the atlas SSPL matrix were 8 considered to be spared by the lesion (Fig. 2e , colored cells in right matrix) as 9 illustrated in Figure 1b . lesions at each voxel in the brain. The color scale ranges from the minimum (i.e. 1) to 3 the maximum (i.e. 18) lesion overlap across patients (n=114). (b) The regional parcels 4 and tractography atlas. (c) Left -Cortical SC matrix derived from the tractography atlas 5 and regional parcels. Right -Cortical SSPL matrix derived from the atlas SC matrix.
6
Directly structurally connected regions have SSPLs equal to 1. (d) Lesion segmentation 7 (left) and affected streamlines (right) for a single patient. (e) Left --spared cortical direct 8 structural connections (red) and direct cortical structural disconnections (black -direct 9 SDC) for the patient shown in (d). Right -spared cortical SSPLs (colored), indirect 10 cortical structural disconnections (gray -indirect SDC), and direct cortical structural 11 9 disconnections (black-direct SDC) for the same patient shown in (d). Note that the 1 upper left quadrants in (d) and (e) correspond to contralesional intrahemispheric 2 connections, which were spared by the right hemisphere lesion. The colored bars on 3 matrix axes correspond to the cortical functional connectivity network assignments of 4 each region shown in the legend at the bottom of the figure. Note: SSPL calculations 5 also considered subcortical/cerebellar connections (not shown).
7
Lesions produce widespread changes in the layout of the structural connectome 8 First, we characterized the relationship between the direct and indirect 9 disconnections caused by focal brain lesions. We expected that lesion-induced direct 10 disconnections would cause patients to exhibit increased SSPLs relative to the 11 normative values derived from the HCP tractography atlas (Fig. 1b) , and as expected, 12 patients showed reductions in short (i.e. < 3) SSPLs and increases in long (i.e. > 4) 13 SSPLs ( Fig. S1a) . Across patients, the total number of indirect structural disconnections 14 was strongly related to the total number of direct structural disconnections caused by 15 the lesion (R 2 =0.78, p<0.001), indicating that patients with more extensive direct 16 disconnections also suffered more extensive indirect disconnections (Fig. S1b) . These 17 observations confirmed that direct disconnections exert indirect effects on the structural 18 connectome.
19
Next, we characterized the extent of direct and indirect disconnection effects on 20 the structural connectome. Across the subset of patients with any direct cortico-cortical 21 disconnections (n=92), 19.03% of all region pairs with direct cortico-cortical structural 22 connections sustained direct disconnections and 20.0% of all region pairs with indirect 23 cortico-cortical structural connections sustained indirect disconnections ( Fig. S1c) . 24 These observations indicate that focal brain lesions often have widespread effects on 25 the direct and indirect structural pathways in the brain. Prior to investigating the effects of direct and indirect structural disconnections on 5 functional connectivity disruptions in patients, we aimed to replicate previously reported 6 effects of SSPLs on functional connectivity in healthy individuals (Goni et al., 2014) . First, we used one-way repeated measures ANOVAs with a factor of SSPL (4 levels: within-network and between-network) connections ( Fig. S3) . 19 Significant effects of SSPLs on functional connectivity were observed for the 20 analyses using all functional connections ( Fig. 3a ) and using only positive functional 21 connections from the mean control group matrix ( Fig. 3b) , but not for the analyses using 22 only negative functional connections from the mean control group matrix ( Fig. 3c) . 23 Supplemental analyses revealed consistent effects of SSPLs on functional connectivity 24 for sets of regions with different network (i.e. within-network and between-network) and 25 hemispheric (i.e. interhemispheric and intrahemispheric) connection types ( Fig. S3a) . 26 Similar effects were also observed after regressing out the effects of spatial distance 27 from each control participant's functional connectivity matrix ( Figs. 3d-3f, Fig. S3b ). 28 We note that the weak mean subject-level functional connectivity values shown 29 in Figure 3 are consistent with previously reported effects (see Figure 2 in Goni et al., 30 2014), and likely reflected the contributions of large numbers of weak connections to 31 each subject-level average. This is supported by the fact that the supplemental 1 analyses, both with and without distance regression, revealed much stronger mean 2 subject-level functional connectivity values across all SSPLs for within-network 3 connections ( Fig. S3) , which are generally much stronger than other types of functional 4 connections. Thus, we were able to replicate previously reported effects of SSPL on 5 functional connectivity in healthy individuals (Goni et al., 2014) . Direct and indirect structural disconnections disrupt functional connectivity 1 Next, we proceeded to assess and compare the relative effects of direct and 2 indirect structural disconnections on functional connectivity in the patient group. To 3 obtain estimates of functional connectivity disruption at the level of individual 4 connections, we converted each patient's functional connectivity matrix into a z-score 5 matrix using the mean and standard deviation functional connectivity matrices from the 6 control group (Fig. 4b) . The resulting z-score matrices were therefore deviation matrices 7 quantifying the distance (in standard deviation units) of each functional connection from 8 the expected value in healthy controls ( Fig. 4b) . For each patient, functional 9 connectivity z-scores were separately averaged across the patient-specific sets of 10 regions with spared direct connections, direct structural disconnections, spared indirect 11 connections, and indirect structural connections (see Fig. 2e ) to obtain a single 12 summary measure of functional connectivity disruption for each set of patient-specific 13 regions. depending on the specific networks in question (Fig. 5a,c) . 7 The three-way ANOVA, which included 84 patients with valid data for all factor 8 combinations, revealed a significant three-way interaction of connection status, 9 connection type, and normative FC sign (Greenhouse-Geisser corrected F.34,27.54=28.09, 10 p<0.001). We performed follow-up dependent samples t-tests with Bonferroni-Holm 11 correction to further interrogate the effects of interest while controlling the family-wise 12 error rate at 0.05 (Aickin & Gensler, 1996) . For positive functional connections ( Fig. 5a) , 13 mean functional connectivity z-scores were significantly more negative for regions that 14 sustained structural disconnections than for regions with spared connections (Fig. 5b) . 15 While this effect was observed for both direct and indirect structural disconnection 16 types, the effect was greater for direct structural disconnections than for indirect 17 structural disconnections ( Fig. 5b , right plot). For negative functional connections ( Fig.   18 5c), mean functional connectivity z-scores were significantly more positive for regions 19 that sustained structural disconnections than for regions with spared connections (Fig.   20 5d). While this effect was again observed for both direct and indirect connection types, 21 the magnitudes of direct and indirect structural disconnection effects on mean functional 22 connectivity z-scores did not significantly differ ( Fig. 5d , right plot).
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Similar effects were also observed when data were further summarized by 24 network (within vs. between) and hemispheric (interhemispheric vs. intrahemispheric) 25 connection types ( Fig. S4) . Supplemental analyses further indicated that the observed 26 results could not be attributed to regional GM damage, vascular/hemodynamic , 2007; Park et al., 2011; Siegel et al., 2016; Tang et al., 2016) . However, the 5 structural mechanisms through which focal brain lesions produce distributed functional 6 connectivity disruptions remain to be fully elucidated. Based in part on recent work 7 indicating that normal functional connectivity depends on both the presence of direct 8 structural connections and the broader layout of structural pathways in the structural 9 connectome (Goni et al., 2014; Mišić et al., 2015; Osmanlıoğlu et al., 2019) , we 10 hypothesized that focal brain lesions disrupt functional connectivity via a combination of 11 direct and indirect structural disconnection mechanisms. Here, we tested predictions of 12 this hypothesis using data from a large sample of sub-acute stroke patients. 13 Our results show that focal brain lesions have wide-reaching effects on both 14 direct and indirect structural connections, such that roughly one-fifth of all direct and 15 indirect connections in the brain were affected on average in our patient sample. 16 Further, they show that these lesion-induced changes in the structural connectome are 17 biologically relevant, as they are reflected by disruptions of resting-state functional 18 connectivity between disconnected regions. While our earlier work showed that 19 information about structural disconnection accounts for much more variance in network-20 level functional connectivity disruptions than information about lesion location, size, or 21 damage to gray matter regions [5] , the current results provide novel evidence to support 22 the conclusion that lesion-induced structural disconnections disrupt functional 23 connectivity via a combination of direct and indirect effects on the structural connectome 24 that disrupt ongoing inter-regional signaling. Previous work has shown that normal functional connectivity depends on both 28 the direct and indirect structural connections between brain regions (Adachi, Osada, & 29 Sporns, 2011; Goni et al., 2014; Honey & Sporns, 2009; Mišić et al., 2015) . In the 30 healthy brain, it has been observed that functional connectivity tends to be strongest 31 between regions with direct connections (i.e. SSPLs=1) and weakest between regions 1 with long SSPLs (Goni et al., 2014) , although other factors such as the network 2 embedding of structural paths likely also play important roles in determining normative 3 functional connectivity (Goni et al., 2014; Osmanlıoğlu et al., 2019) . Importantly, we 4 were able to replicate previously reported SSPL effects (see Fig.2 in [8]) in our healthy 5 control data (Fig. 3, Fig. S3 ), providing additional support for the conclusion that 6 structural connections, both direct and indirect, shape normal functional connectivity 7 patterns. 8 We observed a much more drastic effect of structural connectivity on the 9 magnitude of positive functional connections than on negative functional connections in 10 our healthy control sample ( Fig. 3) . While it is possible that these effects reflect genuine 11 differences in the biological mechanisms underlying positive vs. negative functional 12 connections, the influence of pre-processing steps such as global signal regression on 13 functional connectivity signs make it difficult to confidently interpret these differences as 14 biologically meaningful (Murphy & Fox, 2017) . We note, however, that our supplemental 15 analyses revealed consistent effects of SSPLs on functional connectivity for all 16 combinations of network and hemispheric connection types (Fig. S3) , indicating that the 17 effects of SSPLs on functional connectivity are reliable across different types of inter-18 regional connections. Importantly, our main hypotheses did not assume that there would 19 be anything fundamentally different between positive vs. negative functional 20 connections with respect to how they might be disrupted by lesion-induced 21 disconnections. Rather, we expected a priori that disconnections would result in the , 2016; Nomura et al., 2010; Ovadia-Caro et al., 2013) or hub-like functional 1 connectivity profiles (Gratton et al., 2012) . In contrast, we recently reported that 2 information about direct structural disconnections is superior to information about lesion 3 size, lesion location, or damage to putative hub regions for explaining core network-4 level functional connectivity disruptions associated with stroke (Griffis et al., 2019). As 5 noted in the Introduction, we also observed that the functional connectivity patterns that 6 covaried with direct structural disconnections across patients showed a relatively weak 7 connection-level correspondence with the linked direct disconnections and included 8 functional connectivity disruptions between regions that lacked direct structural 9 connections (Griffis et al., 2019).
10
These observations led us to hypothesize that the functional consequences of 11 direct disconnections might propagate throughout the structural connectome to 12 indirectly disrupt functional connectivity between regions that lack direct structural 13 connectivity. Consistent with this expectation, we found that functional connectivity 14 disruptions were more severe between regions that sustained direct/indirect 15 disconnections than between regions with spared direct/indirect connections, 16 respectively ( Fig. 5) . Additionally, these effects were observed for both interhemispheric 17 and intrahemispheric functional connections that were both within and between resting-18 state networks (Fig. S4) . Together, these results support the conclusion that lesion-19 induced structural disconnections disrupt functional connectivity both directly and 20 indirectly, and thus provide an explanation for why structural disconnections might be 21 associated with widespread functional connectivity disruptions that often involve regions 22 that lack direct structural connections.
23
Direct structural disconnections tended to produce more severe functional 24 connectivity disruptions than indirect structural disconnections for positive functional 25 connections (Fig. 5a) . The results of our supplemental analyses suggest that this effect 26 was likely driven primarily by interhemispheric disconnections (Fig. S4b) , which are Speculatively, these regional structural changes might be long-term consequences of 8 disconnection-induced functional disruptions such as those reported here, and this 9 should be addressed by future work. Given that we also observed clear effects of 10 indirect disconnection on functional connectivity, future studies on how structural 11 disconnections impact local regional structure might also incorporate measures of 12 indirect structural disconnection to assess the relative contributions of direct and indirect 13 structural disconnections to changes in local regional structure associated with focal 14 brain lesions. However, a primary limitation of the current work is that the inferences are 1 necessarily restricted to the group-level rather than at the level of individual patients.
2
That is, while we show that sets of disconnected regions on average show more severe 3 functional connectivity disruptions than sets of regions with spared connections across 4 patients, we do not show that our disconnection measures are sufficient to allow for the 5 accurate prediction of connection-level functional connectivity disruptions in an 6 individual patient, which will likely be necessary to enable the translation of these results of our analyses converge to support the conclusion that the effects of focal brain 29 lesions on resting-state functional connectivity are mediated by at least two types of 30 lesion-induced perturbations of the macroscale structural connectome, which we refer to 31 as "direct" and "indirect" structural disconnections. While direct structural disconnections 1 correspond to the loss of direct inter-regional structural connections following damage to 2 the white matter, indirect structural disconnections, correspond to increases in 3 topological distance (i.e. SSPLs) between indirectly connected regions following direct 4 structural disconnections of intermediary regions. These results provide novel insights 5 into the macroscale structural mechanisms through which focal brain lesions produce 6 widespread disruptions of brain function. 
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The authors do not declare any competing interests. were considered for inclusion in the analyses. After applying quality controls (described 2 below), data from a total of 114 patients and 24 controls were included in the study. Griffis et al., 2019; Siegel et al., 2016 Siegel et al., , 2018 . Surface-based functional 10 connectivity analyses were performed using the remaining 324 regional parcels. Structural connectome atlas 25 We created a structural connectome atlas using a publicly available diffusion MRI 26 streamline tractography atlas based on high angular resolution diffusion MRI data 27 collected from 842 healthy Human Connectome Project participants (Yeh et al., 2018) 28 (Fig. 2b, right) . These data were accessed under the WU-Minn HCP open access data 29 use term. The tractography atlas contained expert-vetted streamline trajectories in MNI 30 space, and each streamline was assigned to 1 of 66 macroscale white matter pathways 1 (e.g. arcuate fasciculus, cortico-spinal tract, corpus callosum, etc.).
2
MATLAB scripts implementing functions from the DSI_studio software package 3 was used to define the normative pairwise structural connectome based on the 4 tractography atlas (Fig. 2c, left) . We first combined the various streamline bundles from 5 the tractography atlas (e.g. short-range U-fibers, callosal projections, etc.) into a 6 single .trk file that included all streamlines associated with each of the fiber pathways in 7 the atlas. We then extracted all pairwise structural connections, defined as streamlines connectivity matrix to obtain a matrix of pairwise SSPLs (Fig. 2c, right) , where each cell 17 quantified the minimum number of structural connections that needed to be traversed to were used to estimate the expected direct structural disconnections for each patient by 25 intersecting the MNI-registered lesion mask with streamline tractography atlas (Fig. 2d) . 26 For each patient, all streamlines that intersected the lesion were extracted into a 27 359x359 direct structural disconnection matrix where each cell quantified the number of 28 streamlines between each region pair that intersected the lesion (Fig. 2e) . The direct 29 structural disconnection matrix was then subtracted from the atlas-derived structural 30 connectivity matrix to obtain a spared structural connection matrix where each cell 31 quantified the number of streamlines between each region pair that were spared by the 1 lesion. The structural disconnection and spared structural connection matrices were 2 then normalized by dividing each cell by the corresponding number of streamlines in the 3 atlas structural connectivity matrix so that each cell in the normalized spared structural 4 connection and direct structural disconnection matrices quantified the proportion of 5 streamlines between each region pair that was spared vs. directly disconnected by the 6 lesion, respectively. Each matrix was then binarized by setting all non-zero values to 1.
7
For each patient, a patient-specific SSPL matrix was created by applying the 8 breadthdist function to that patient's spared connection matrix (Fig. 2e) . The atlas SSPL 9 matrix was then subtracted from the patient-specific SSPL matrix to obtain an SSPL 10 difference matrix. The SSPL difference matrix was then thresholded and binarized so 11 that cells corresponding to region pairs with preserved SSPLs had values equal to 0 12 and cells corresponding to region pairs with increased SSPLs had values equal to 1.
13
Values for all cells that corresponded to structurally connected region pairs were set to 0 14 so that 1-valued cells in the resulting matrix corresponded to structurally un-connected The following steps were used to preprocess the fMRI data: slice-timing 22 correction using sinc interpolation, correction of inter-slice intensity differences resulting 23 from interleaved acquisition, normalization of whole-brain intensity values to a mode of 24 1000, correction for distortion via synthetic field map estimation, and within-and 25 between-scan spatial re-alignment. The fMRI data were re-aligned, co-registered to the 26 corresponding structural scans, registered to atlas space using both linear and 27 nonlinear registration procedures, and resampled to 3mm cubic voxel resolution.
28
Additional preprocessing was employed to remove contributions from non-neural 29 sources of signal variance. The six head motion parameters obtained from rigid body 30 correction were regressed from the data along with the global whole-brain signal and 31 signals from CSF and white matter tissue compartments that were extracted using 1 FreeSurfer tissue segmentations (Dale, Fischl, & Sereno, 1999; Fischl, Sereno, & Dale, 2 1999 ). Band-pass filtering (0.009 < f < 0.08 Hz) was applied to retain low-frequency 3 fluctuations. Frame censoring was applied using a 0.5mm framewise displacement 4 threshold, and frames that succeeded high-motion frames were also censored to reduce 5 artifacts related to head motion (Power et al., 2014) . For each run, the first four frames 6 were discarded to allow for the scanner to reach steady-state magnetization.
7
Cortical surfaces were generated and fMRI data were further processed 8 according to previously published procedures (Glasser et al., 2013) with some 9 modifications to improve processing of lesioned brains (Siegel et al., 2017) . Anatomical 10 surfaces were obtained from the T1-weighted scans using Freesurfer (Dale et al., 1999; 11 Fischl et al., 1999) and were visually inspected to ensure quality. For patients with failed 12 registrations/segmentations, the T1-weighted scans were modified by replacing 13 lesioned voxels with normal tissue voxels from the structural atlas. The 14 registration/segmentation procedures were then re-run, and the modified voxels were 15 masked out after running the procedures (Siegel et al., 2017) .
16
Each hemisphere was resampled to 164,000 vertices, and the two hemispheres Griffis et al., 2019; Siegel et al., 2016 Siegel et al., , 2018 . All subsequent analyses were performed 7 using only the above-diagonal elements (i.e. upper triangle) of the functional 8 connectivity matrices.
9
Patient functional connectivity matrices were converted to z-score matrices by 10 subtracting the control mean functional connectivity matrix and dividing the result by the 11 control standard deviation functional connectivity matrix (Fig. 4b) . Each cell in the Prior to performing analyses using the patient data, we aimed to replicate the 18 previously reported dependence of normal functional connectivity on SSPLs using data 19 from the control group (Fig. 3) . For each control participant, we extracted the mean 20 functional connectivity values for region pairs with SSPLs equal to 1, 2, 3, and 4+. We matrix from the control group (Fig. 3a-c) . These analyses were also repeated after 29 regressing out the effects of log-transformed Euclidean distances on functional 30 connectivity ( Fig. 3d-f) interhemispheric and intrahemispheric) connection types (Fig. S3) . 5 For each patient, the mean functional connectivity z-scores were separately 6 computed for sets of regions with spared direct structural connections, direct structural 7 disconnections, spared indirect connections, and indirect structural connections with 8 positive vs. negative signs in the control mean functional connectivity matrix (see Fig.   9 2). The resulting values were then entered into a three-way repeated measures ANOVA 10 with factors of normative functional connectivity sign, connection type, and connection 11 status. Greenhouse-Geisser correction was again applied to the degrees of freedom to 12 account for violations of the sphericity assumption. Dependent samples t-tests were 13 used to follow up the significant three-way interaction effect. Bonferroni-Holm correction 14 was used to control the family-wise error rate at 0.05 (Aickin & Gensler, 1996) . These 15 analyses were also performed after summarizing patient-level functional connectivity z-16 scores by different network (i.e. within-network and between-network) and hemispheric 17 (i.e. interhemispheric and intrahemispheric) connection types (Fig. S4) . 18 Additional analyses were performed to determine the influence of arbitrary 19 parameter choices on our results (Fig. S3) . To ensure that our results were not 20 dependent on the inclusion of partially damaged parcels in the main analyses, we 21 repeated the analyses while excluding all damaged parcels (Fig. S3a) . To ensure that 22 our results were not dependent on the threshold for determining direct structural 23 disconnections, we repeated the analyses using a 50% threshold for determining direct 24 structural disconnections (Fig. S3b) . To ensure that our results were not dependent on 25 the inclusion of patients with severe hemodynamic lags, we repeated our analyses after 26 excluding patients with mean interhemispheric hemodynamic lag differences greater 27 than 2 standard deviations from the control mean (Fig. S3c) . Finally, to ensure that our 28 results were not dependent on the use of healthy controls as the reference group for 29 computing functional connectivity z-scores, we repeated the analyses using a subset of 30 22 patients who did not sustain any direct cortico-cortical disconnections as the 31 reference group (Fig. S3d) . These additional analyses all produced highly similar results 1 to the main analyses reported in the text, indicating that our results did not depend on 2 these analysis choices. Control analyses. (a-d) . The plots show the effects obtained when analyses 1 were performed (a) after excluding any damaged regions, (b) using a 50% 2 disconnection threshold for determining direct disconnection, (c) after excluding patients 3 with mean interhemispheric hemodynamic lag differences > 2 standard deviations 4 above the mean observed in controls, and (d) when a sample of 22 stroke patients with 5 no direct cortico-cortical disconnections were used as the reference group for 6 computing functional connectivity z-scores rather than the healthy control group. The 7 lesion overlay for the group of patients with no direct cortico-cortical disconnections is 8 shown in the top panel of (d). Plots on the left show results for positive functional 9 connections, and plots on the right show results for negative functional connections.
